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EFFECT OF REST PERIODS ON FATIGUE OF HIGH-PURITY ALUMINUM

By J. W. Berry, J. Lemaitre, and S. R. Valluri

SUMMARY

The effect of rest periods on the fatigue life of high-purity alu-

minum was investigated under two conditions. In one the specimens were

tested at elevated temperatures and the rest periods were given at room

temperature; in the second the specimens were tested at room tempera-

ture and the rest periods were given at elevated temperature. The

results obtained indicated that the increase of life was negligible in

the first condition, but an increase of life may be obtained in the

second. In order to check this increase in fatigue life a second series

of tests has been carried out on a different lot of specimens and again

an increase in life was found. This increase of life appeared to be

from 30 to 60 percent from the average of the results of 20 tests for

each test condition.

INTRODUCTION

While a considerable amount of work has been done in the general

field of the fatigue of metals_ relatively little attention was paid to

the effect of rest periods on fatigue. This work was briefly summarized

by Cazaud (ref. i) and discussed in some detail by Freudenthal, Yen, and

Sinclair (ref. 2). The discussion in reference 2 was primarily centered

around a theory developed by Freudenthal and Dolan (ref. 3) in which it

was imagined that the fatigue failure was determined by the interplay

between what they term "bond disruptions" "bond relaxations" and "creation

of potential damage nuclei." They argue that where intermittent rest

periods contribute to an increase in fatigue life it is a consequence of

bond relaxation leading to a removal of the nuclei for potential damage

obtained during the prior fatigue stress history. Their analysis con-

cludes that rest periods may contribute to an increase in fatigue life

if the resting temperature is within the range of recovery temperature.

Their experiments show that although rest periods do give rise to an

increase in fatigue life for SAE 4340 and SAE 1045 steels they reduced

the fatigue life of electrolytic copper. Sinclair and Dolan conducted

some tests on cartridge brass (ref. 4) and they came to the conclusion

that rest periods at i/5-1ife intervals have no effect on fatigue life.



It now seemsto be accepted that the fatigue failure in high-purity
metals is preceded by accelerated recrystallization at temperatures sub-
stantially lower than the normal recrystallization temperatures. For
example, it is established that, whereas this recrystallization tempera-
ture is around 300° F and up for aluminum, polygonization followed by
growth of subgrains was observed at room temperatures (72o F) for high-
purity aluminum. In the case of precipitation-hardening alloys, it was
found that fatigue-stressing accelerates the precipitation process
leaving regions depleted of solute atoms, regions in which again recrys-
tallization may take place (ref. 5). Thus it appears that, while in
principle a rest period may contribute to an increase in fatigue life
if the resting temperature is not near the recrystallization tempera-
ture, in the case of precipitation-hardening alloys of aluminum this
probable increase may easily be changedby the adverse effect of the
precipitation process involved in the process of testing the material
and also probably involved in resting at elevated temperatures. For a
fully hardened alloy, it is conceivable that the process of resting at
elevated temperatures may lead to an overaging of the test material and
in fact may even give rise to a decrease in life instead of an increase.
It was therefore felt that what is needed is information on high-purity
aluminum under controlled conditions rather than on an aluminum alloy.
It was felt that if an effect of rest periods exists it should become
apparent in such a testing.

The work of the present report also was prompted by an observation
madeearlier (ref. 6) that, during a period of rest following a period
of fatigue, substantial changes in the internal friction of commercially
pure aluminum could be noticed. Since rest periods at elevated tempera-
tures contribute to a rearrangement of internal stresses, the effect of
rest on fatigue life appeared to be a pertinent problem for investigation.
In order to accumulate data that would be sufficiently simple to analyze
at a later date, high-purity aluminumwas chosen for investigation.
The work was conducted at the GuggenheimAeronautical Laboratory of the
California Institute of Technology under the sponsorship and with the
financial assistance of the National Advisory Committee for Aeronautics.
It is with pleasure that the authors acknowledge the helpful suggestions
of Prof. Sechler.

SYMBOLS

N

S

(-)

number of cycles to failure

stress, psi

standard deviation

average
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MATERIAL AND SPECIMENS

The test material used in this investigation was high-purity alu-

minum supplied by the Aluminum Co. of America. The material used in

the first series of tests had the following composition (as reported

by the manufacturer): Aluminum, 99.996 percent; zinc, 0.003 percent;

and silicon, 0.001 percent. The material used in the second series of

tests had the following composition: Aluminum, 99.993 percent; zinc,

0.004 percent; copper, 0.001 percent; silicon, 0.001 percent; and iron,

0.00! percent. The yield point and the ultimate strength in tension of

the material as received were 6,750 psi at 0.2-percent-offset strain and

9,800 psi, respectively. The test material was supplied in the form of

i/2-inch-diameter rods 12 feet long and was described by the company as

hand-forged. There was evidence of a considerable amount of preferred

orientation of the grain along the length of the rod and it appears

reasonable to assume that internal stresses due to cold work exist in the

material as received. The recrystallization temperature as determined

from hardness-against-temperature measurements was found to be 400 ° F.

Standard R. R. Moore test specimens with a minimum diameter of

0.30 inch were machined from the as-received test stock. The specimens

were polished first with 240 emery paper and then with 600 grit paper

with lard oil. This procedure provided an average surface finish of a

7-micron roughness. I_vigated alumina powder was tried for final

polishing, but microscopic examination revealed this to be unsatisfactory.

TESTING MACHINES

The testing was conducted on eight rotary bending machines of the

R. R. Moore type. All machines were designed for a nominal speed of

i0_000 rpm but had been modified with rheostat control to operate at

speeds as low as 2_000 rpm. Because of the high ductility of the test

material, failure of the specimens seldom occurred as a clean break_

but more as a relatively slow sagging, especially at higher tempera-

tures. Since at high speeds this eccentricity was sufficient to cause

violent vibrations of the bearing housings, the testing speed was

restricted to 5,000 rpm.

The test specimens were enclosed in clam-shell-type furnaces, a

detailed design of which was discussed in reference 7. The temperature

variation spanwise was found to be from about 2.0 percent minimum at

150 ° F to 9 percent maximum at 450 ° F. Except during the transition

period of heating and cooling, the timewise variation was ±i percent.



PROCEDURE

Operation of the furnaces and R. R. Moore machines for continuous

stress cycling of a specimen consisted simply of preheating the specimen

in the machine to the desired temperature and applying the load. The

proper powerstat and pyrometer settings would then maintain the test

temperature without further attendance until failure occurred. When

rest periods were given to the specimens a more rapid heating technique

was desirable, and the testing procedure became more involved. For the

sake of clarity 3 therefore, discussions of the various procedural aspects

of the investigation are presented separately below.

The temperatures selected for the continuous-cycling phase of the

investigation were: Room temperature (72 ° F), 150 ° , 300 ° , 450 ° , and
600 ° F. A stress level for these tests was chosen so that failure at

room temperature would occur at about 2 × 106 cycles. The nominal outer

fiber stress was 6,040 psi. This same stress level was used for spec-

imens given periods of rest at room temperature from cycling at 150 ° ,

300 ° , and 450 ° F. The resting times were given at intervals of 1/5 mean

life, as determined from the continuous-cycling tests.

In another phase of the testing, the specimens were given rest

periods at 150 ° , 300 °, and 450 ° F after cycling at room temperature

(72 ° F). So that an individual test could be carried to completion

within a reasonable amount of time a stress level of 6,800 psi was used

for this phase of the tests. The rest periods were again given at

intervals of 1/5 mean life as determined from continuous cycling at the

same stress level and at room temperature.

Since a different lot of material was used for the second series

of tests_ it was decided to rffn 20 continuous-cycling tests at the same

stress level (6,800 psi) as for the first series. As will be seen,

this lot of material has a higher fatigue strength for the same stress

level than the first lot has. The rest periods for the second series

of tests were given at 300 ° F at i/4-mean-life intervals.

The rest period for resting at room temperature was arbitrarily

defined to be of 30-minute duration, such a period to commence from the

time the cooling specimen reached a temperature of about i00 ° F. For

resting at elevated temperature, the periods were of similar duration

with the timing started from the time the specimen reached the desired

temperature. The rest periods so defined were, therefore, exclusive

of the heating and cooling times required.

Calibrations for determining the settings were accomplished by

placing a thermocouple under the head of a screw at the center of the



specimen. The powerstat and pyrometer settings were then adjusted until
the desired specimen temperature was attained. Becauseof space limita-
tions it was not considered feasible to install slip rings and conduct
dynamic calibrations. Times to attain and stabilize at the various tem-
peratures were determined during calibration. These times were lessened
if the bearings and furnace had been previously heated. From a cold
start the time to stabilize at 600° F was about i hour, with the times
to other test temperatures being less.

Static calibrations for determining the heating and cooling times
for intermittent rest periods were carried through several cycles of
heating and cooling in order to simulate actual testing of the specimens.
Cooling was accomplished with small electric blower fans. As given
below, the average times required were:

Temperature, OF ................. 150 300

Heating time to temperature, min ........ 3 5

Cooling time from temperature to i00° F_ min 2 9

45o 600

8 12

13 15

Figure i shows schematically the rest-period cycle indicated above.

The technique for continuous cycling was to start the specimen in the

machine, bring it up to temperature, and apply the load. With the proper

pyrometer and powerstat settings the specimen was maintained at the cor-

rect temperature.

When giving rest periods, a more rapid means of bringing the spec-

imen up to temperature was desired. Toward this end the pyrometers were

used simply as indicators of the furnace temperatures. This was done

by setting the pyrometer selector beyond the range of the expected fur-

nace temperature so that the current to the furnace would never be inter-

rupted. Excessive power was then introduced to the furnace by adjusting

the powerstat until the specimen reached the desired temperature. This

temperature was then maintained by gradually reducing the power input

until a stable setting was reached. Graphs of pyrometer readings versus

time were constructed, and these curves were used whenever a particular

temperature was to be obtained. This procedure not only gave consid-

erably decreased warmup times but also had the advantage that closer

control of specimen temperature was possible. It also reduced some of

the doubt as to the validity of static calibrations, since, with the

machines running, practically identical furnace temperatures were

obtained with the ss_e power-input-versus-time sequence.



In order to avoid unnecessary vibrations once a test wasbegun,
the machines were never stopped unless trouble developed. The load was
simply removedor applied at the proper times, and the rest periods given
until failure occurred. Transient vibrations during starting were best
controlled by constraining the counterweights on the bearing housings
and starting the machines at their nominal speed of i0,000 rpm. The
speed was then adjusted to 5,000 rpm. All specimens that developed a
visible transient vibration were discarded.

RESULTS

The results of the fatigue tests are contained in tables I and II.
These tables give, for the different test phases, the numberof cycles
which the individual specimens sustained before failure. The computed
values of the standard deviations and the means N and log N for the
99- and 95-percent levels of confidence have been entered on the tables.
A compilation of these values is given by table III. After having been
statistically evaluated, the data are presented in the form of frequency
distributions (histograms) of log N in figures 2 to 6. For comparison,
the Gaussian distribution is superimposedon each histogram.

Assumingthe data to be logarithmic-normal (ref. 8), continuous
frequency distributions of log N derived from results of the uninter-
rupted tests at room temperature for S = 6,040 psi and S = 6,800 psi
have been used to draw a statistically interpretable diagram of S
against log N for the material. The diagram is shownin figure 7-
Data of incidental tests at various other stress levels are indicated
on the diagram by points. Under the sameassumption of the data being
logarithmic-normal, the diagram of temperature against log N in fig-
ure 8 was constructed.

In fatigue-testing, one can probably never accumulate enough data.
An average of 18 specimenswas tested in each phase, in the hope that
at least the trends might be adequately uncovered. As far as possible
all specimensof one series were tested with the samemachine and fur-
nace. Whenthis was not done, the results were scrutinized for any
variations betweenmachines. On the basis of the results obtained, no
deviations were detected. The average numberof cycles to failure at
the various temperatures for continuous cycling are given below:

Temperature, OF ......... 72 150 300

× 10-6 cycles for 6,040 psi 2.537 0.868 0.414

_5o 6oo

0.173 0.114
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The continuous-cycling results also indicate a minimum of scatter at

300 ° F, as shown in figure 8.

For specimens rested at 300 ° F, the data show an average fatigue

life of 1.041 x 106 cycles compared with a life of 0.663 x 106 cycles

under continuous-stress cycling at room temperature (an increase of

_7 percent). When rest periods at 150 ° F were given, the mean life was

0.919 x 106 cycles, an increase of 39 percent. For resting at 450 ° F,

0.826 x 106 cycles was the mean life, showing an increase of 25 percent.

For the second series run with rest periods at i/4-1ife intervals, the

same trend was repeated with an increase in the average fatigue life of

35 percent. These results calculated for 95- and 99-percent confidence

levels are given in table III. For the 95-percent confidence level,

the increase in fatigue life when the specimen was rested at 300 ° F was

found to be 3 percent for the first series of tests and for the second

lot it was found to be ii percent. The corresponding values for the

99-percent confidence level were a decrease of 14 percent and an increase

of 2 percent, respectively.

CONCLUSIONS

The following conclusions were drawn from the results of the present

investigation of the effects of rest periods on the fatigue life of high-

purity aluminum:

i. Resting at room temperature (72° F) after stressing at elevated

temperatures up to 450 ° F has no effect on the fatigue life of high-

purity aluminum.

2. An increase in fatigue life may be obtained by resting at ele-

vated temperatures after stressing at room temperature. It appears

that the maximum benefit is obtained by giving the rest period at a

temperature somewhat below the recrystallization temperature. In the

present investigation where the recrystallization temperature was

400 ° F, the maximum benefit was obtained with a rest period at 300 ° F.

California Institute of Technology,

Pasadena, Calif., August I, 1956.
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TABLE I

S-N DATA AT 72° F

Specimen

i

2

3

4

5

6

7

8

9

I0

ii

12

13

14

Applied

load,
ib

I0.5

i0.2

I0.0

9.5

9.0

8.5

8.0

7.8

7.7

7.5

7.0

6.0

5.0

2.0

Stress,
S

7,930

7,700

7,550

7,170

6,800

6,420

6,040

5,89O

5,810

5,660

5,280

4,53o

3,775

13510

Number of cycles to

fai lure, N

192 x lO3

33O

363

619

985

i,120

I, 511

i,746

4,014

3,95o

6,958

a18,675

a47,437

a54,069

aTest discontinued.

log N

5.283

5.619

5.560

5.792

5.993

6.049

6.179

6.242

6.604

6.597

6.842

7. 271

7.676

7.733
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